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(57) Abstract 

A bus driver circuit having slew rate control. According to one embodiment, the bus driver circuit includes the following elements: 
a first circuit having an input configured to receive a data signal and an output operative to output a drive signal in response to the data 
signal; a second circuit coupled in parallel with the first circuit and operative to receive a slew rate control signal; and a slew rate indicator 
circuit coupled to the second circuit. The slew rate indicator circuit determines the state of the slew rate control signal in response to 
operating conditions that cause variations in the slew rate of the drive signal, such that when the slew rate control signal is asserted, the 
second circuit is enabled -to affect the slew rate of the drive signal. For one embodiment, the slew rate indicator includes a pulse generator 
circuit and a clocked comparator circuit. The pulse generator circuit is operative to receive a clock signal and generate a pulse in response 
to a first transition of the clock signal. The clocked comparator is coupled to the pulse generator circuit and operative to receive the pulse. 
The clocked comparator determines the state of the slew rate control signal by sampling for the pulse in response to a second transition of 
the clock signal. 
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BUS DRIVER CIRCUIT INCLUDING A SLEW RATE INDICATOR 
CIRCUIT HAVING A ONE SHOT CIRCUIT 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application is related to subject matter in co-pending U.S. 

Patent Application Ser. No. entitled "BUS DRIVER 

CIRCUIT INCLUDING A SLEW RATE INDICATOR CIRCUIT 
HAVING A TUNABLE CURRENT. SOURCE", and U.S. Patent 

Application Ser. No. entitled "BUS DRIVER CIRCUIT 

INCLUDING A SLEW RATE INDICATOR CIRCUIT HAVING A 
SERIES OF DELAY ELEMENTS". Each of the above referenced 
applications have the same filing date as this application, and are 
assigned to the assignee of this application. 
FIELD OF THE INVENTION 

The present invention relates generally to the field of 
communication buses and more particularly to a bus driver circuit 
having slew rate control. 
BACKGROUND 

A parallel data bus typically comprises a number of bus lines to 
which the components of a computer system may be connected for 
communicating information between one another. Each component 
coupled to the data bus typically includes a set of bus driver circuits for 
transmitting data via the bus lines by switching the voltages of the bus 
lines between voltages that correspond to logic states, however defined. 
The speed at which a bus driver circuit switches the voltages of the bus 
line between logic states is called the "slew rate," and the slew rate of 
the bus driver circuit is an extremely important characteristic for 
ensuring proper operation of the bus driver circuit at the clock speed of 
the data bus. 

Figure 1 shows a bus driver circuit 100 that operates according to 
the prior art. Bus driver circuit 100 is shown as comprising NAND gate 
105, pass gate 110, inverter 115, and an output buffer 120, which is 
shown as comprising an n-channel transistor having its source coupled 
to system ground VSS and its drain coupled to bus line 150. A 
terminating resistor 125 is shown as being coupled between bus line 150 
and a terminating supply voltage Vterm* 
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NAND gate 105 operates as an input buffer and has a first input 
coupled to receive a data signal DATA and a second input coupled to 
receive an enable signal EN, When the EN signal is at a logic high 
value NAND gate 105 operates as an inverter for inverting the DATA 
signal to produce an inverted data signal DATA. Pass gate 110 is 
switched on to pass the DATA signal in response to the high level of 
transmit clock signal TCLK. Inverter 115 receives the DATA signal and 
inverts it to provide a drive signal DRIVE at the input of output buffer 
120. Output buffer 120 is switched on to drive bus line 150 to a low 
voltage causing the output signal OUT to have a low voltage value 
when the DRIVE signal is logic high. Output buffer 120 is switched off 
when the DRIVE signal is a logic low, and the bus line 150 is charged to 
the terminating voltage V te rm in response to terminating resistor 125, 
causing the OUT signal to have a high voltage value. 

The slew rate of the output signal OUT is determined by the slew 
rate of the DRIVE signal. The nominal slew rate of the DRIVE signal is 
known because the device sizes of inverter 115 are specified to have 
known values; however, variations in device sizes and device 
parameters (e.g. gain and threshold voltage) can occur when fabricating 
a semiconductor device. Therefore, the actual slew rate of the DRIVE 
signal may vary from the nominal slew rate due to such "process" 
variations, and the slew rate of the OUT signal is similarly affected. 
Furthermore, temperature and power supply variations that occur 
during operation of bus driver circuit 100 can also affect the slew rate. If 
the actual slew rates of the DRIVE and OUT signals are too much 
greater than their nominal values, bus driver circuit 100 may induce 
undesirable ringing on the bus line and voltage transients or "ground 
bounce" on the supply lines due to, for example, inductance of an 
integrated circuit package housing bus driver circuit 100 (i.e., 
inductance due to bond wires, the lead frame, etc.). If the actual slew 
rate of the DRIVE and OUT signals are too much less than their 
nominal values, bus driver circuit 100 may not be able to reliably 
operate at the frequency of the bus clock. The ability to control slew rate 
variations of a bus driver circuit is therefore desirable. 
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SUMMARY AND OBTECTS OF THE INVENTION 

Therefore, it is an object of the present invention to provide a 
bus driver circuit having slew rate control. 

These and other objects are met by a bus driver circuit 
arrangement that adjusts the slew rate of the bus driver circuit when 
operating conditions indicate unacceptable slew rate variations. 
According to one embodiment, the bus driver circuit includes the 
following elements: a first circuit having an input configured to 
receive a data signal and an output operative to output a drive signal in 
response to the data signal; a second circuit coupled in parallel with the 
first circuit and operative to receive a slew rate control signal; and a 
slew rate indicator circuit coupled to the second circuit. The slew rate 
indicator circuit determines the state of the slew rate control signal in 
response to operating conditions that cause variations in the slew rate 
of the drive signal such that when the slew rate control signal is 
asserted, the second circuit is enabled to affect the slew rate of the drive 
signal. 

For one embodiment, the slew rate indicator includes a pulse 
generator circuit and a clocked comparator circuit. The pulse generator 
circuit is operative to receive a clock signal and generate a pulse in 
response to a first transition of the clock signal. The clocked 
comparator is coupled to the pulse generator circuit and operative to 
receive the pulse. The clocked comparator determines the state of the 
slew rate control signal by sampling for the pulse in response to a 
second transition of the clock signal. 

Other objects, features, and advantages of the present invention 
will be apparent from the accompanying drawings and from the 
detailed description which follows below. 
BRIEF DESCRIPTION OF THE DRAWINGS 

The features and advantages of the present invention are 
illustrated by way of example and are by no means intended to limit the 
scope of the present invention to the particular embodiments shown, 
and in which: 

Figure 1 shows a bus driver circuit that operates according to the 
prior art; 
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Figure 2 shows an improved bus driver circuit according to one 
embodiment; 

Figure 3 shows a three-state inverter according to one 
embodiment; 

Figure 4 shows a slew rate indicator circuit of one embodiment; 

Figure 5 is a timing diagram that illustrates the manner of 
operation for the slew rate indicator of Figure 4 according to one 
embodiment; 

Figure 6A shows an alternative embodiment wherein two three- 
state inverters are provided in place of the single three-state inverter 
shown in Figure 2; 

Figure 6B shows another embodiment wherein two three-state 
inverters are provided in place of the single three-state inverter shown 
in Figure 2; 

Figure 7 shows one embodiment of a slew rate indicator circuit 
for controlling the three-state inverters of Figure 6A; 

Figure 8 is a timing diagram that illustrates the relationship 
between the clock and sampling signals of one embodiment of Figure 7 
and also shows waveforms "D," "E,", "F", "G" and "H"; 

Figure 9A shows one embodiment of the NMOS one-shot circuit 
of Figure 7; 

Figure 9B is a timing diagram that illustrates one embodiment 
for the manner of operation of NMOS one-shot circuit of Figure 9A; 

Figure 10A shows one embodiment of the PMOS one-shot circuit 
of Figure 7; 

Figure 10B is a timing diagram that illustrates one embodiment 
for the manner of operation of PMOS one-shot circuit of Figure 10A; 

Figure 11A shows combinational logic 710 according to one 
embodiment; 

Figure 11B shows combinational logic 710 according to another 
embodiment; 

Figure 12 shows another embodiment of a slew rate indicator 
circuit including a PVT code generator and combinational logic; 

Figure 13 shows one embodiment of the combinational logic of 
Figure 12; 
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Figure 14A shows one embodiment of a tracking circuit having 
biasing voltages; 

Figure 14B shows another embodiment of a tracking circuit 
having biasing voltages; 

Figure 15 shows one embodiment of a slew rate indicator circuit 
including sampling circuitry; 

Figure 16 shows one embodiment of an equivalent circuit of 
three-state inverter 225 and output buffer 220; and 

Figure 17 shows a NMOS transistor curve of Ids v. Vds. 
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DETAILED DESCRIPTION 

An improved bus driver circuit is disclosed including a slew rate 
indicator circuit and a three-state inverter which are used to correct or 
adjust the slew rate of the bus driver circuit in response to changes in 
operating conditions (e.g., process, temperature, and power supply 
variations) that cause the slew rate to increase or decrease to an 
unacceptable rate. The improved bus driver circuit may drive a bus 
line or any other signal line. According to one embodiment, the slew 
rate indicator is manufactured on the same semiconductor substrate 
according to the same process as the remainder of the bus driver circuit. 
The slew rate indicator is therefore subject to the same process 
variations and operating environment as the remainder of the bus 
driver circuit. This enables the slew rate indicator to track and 
compensate for slew rate variations as they occur. Thus, as will be 
described, the range of values across which the slew rate of bus driver 
circuit may vary is reduced. 

Figure 2 shows an improved bus driver circuit 200 according to 
one embodiment. Bus driver circuit 200 generally comprises NAND 
gate 205, pass gate 210, inverter 215, output buffer 220, and slew rate 
control circuit 260. Slew rate control circuit 260 includes slew rate 
indicator 230 and a p re-driver circuit, namely three-state inverter 225. 

According to the embodiment of Figure 2, output buffer 220 
comprises an n-channel transistor having its source coupled to system 
ground VSS, its drain coupled to bus line 250, and its gate coupled to 
receive a DRIVE signal from inverters 215 and 225. Output buffer 220 
may alternatively comprise an inverter wherein the output of the 
inverter sets the voltage of bus line 250. Terminating resistor 255 may 
not be required when output buffer 220 comprises an inverter. With 
the exception of slew rate control circuit 260, bus driver circuit 200 
operates in substantially the same manner as bus driver circuit 100 
shown in Figure 1. 

Slew rate control circuit 260 receives clock signal CLK and affects 
the slew rate of the DRIVE signal output by inverter 215, and the OUT 
signal on bus line 250 in response to variations in the operating 
conditions of bus driver circuit 200. As will be described in more detail 
below, when operating conditions (e.g., process parameters, operating 
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temperature, operating voltage, etc.) cause the slew rate of the DRIVE 
signal to decrease to a predetermined rate, then slew rate control circuit 
260 increases the slew rate of the DRIVE signal and consequently the 
slew rate of the OUT signal. The slew rates of the DRIVE and OUT 
signals are adjusted without the use of a feedback connection from the 
DRIVE or OUT signal to slew rate control circuit 260. 

Three-state inverter 225 is coupled in parallel with inverter 215 
and is provided to increase the slew rate of the DRIVE signal by 
providing more current if the actual slew rate of the DRIVE signal 
would otherwise be slower than the nominal slew rate. Three-state 
inverter 225 is disabled if the actual slew rate of the DRIVE signal is 
greater than or equal to the nominal slew rate. Inverter 215 may be 
designed so that the slew rate of the DRIVE signal is not too fast under 
worst case operating conditions (e.g., fast process parameters, cold 
operating temperatures, high operating voltages) when three-state 
inverter 225 disabled. A digital slew rate control signal SRCTL output 
by slew rate indicator 230 is provided to enable and disable three-state 
inverter 225. 

Slew rate indicator 230 may be considered a process-voltage- 
temperature or "PVT" detector circuit. Slew rate indicator 230 is 
provided to indicate whether variations in the fabrication process (e.g., 
transistor dimensions, dielectric dimensions, thresholds, gain, etc.), 
supply voltage, input voltage, or operating temperature result in 
variations in the slew rate of the DRIVE or OUT signals of bus driver 
circuit 200. If slew rate indicator 230 indicates that variations in 
operating or PVT conditions would otherwise cause the slew rate of the 
DRIVE or OUT signal to be too slow, slew rate indicator 230 causes the 
SRCTL signal to enable three-state inverter 225. If slew rate indicator 
230 indicates that operating or PVT conditions may cause the slew rate 
of the DRIVE or OUT signal to be equal to or faster than the nominal 
slew rate, slew rate indicator 230 causes the SRCTL signal to disable 
three-state inverter 225. Because the slew rate of bus driver circuit 200 
is prevented from being too slow, the range of values across which the 
actual slew rate of the DRIVE or OUT signal may vary is reduced. For 
one embodiment, the range is reduced to approximately one-half the 
range without slew rate indicator 230 and three-state inverter 225. 
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According to alternative embodiments, three-state inverter 225 
and inverter 215 may be replaced with non-inverting buffers and bus 
driver circuit 200 may be adjusted as generally known in the art. 

Slew rate control circuit 260 may influence the slew rates of the 
rising or falling edge transitions of the DRIVE signal and the OUT 
signal. For one embodiment, slew rate control circuit 260 may cause 
the slew rates of the rising and falling edges of the OUT signal to 
increase by 30-40% at the slowest operating corner (e.g., slow process 
parameters, high operating temperatures such as 130°C, and low 
operating voltages such as 2.9 V). For other embodiments, three-state 
inverter 225 may be sized to produce any desired increase in the slew 
rates of either the rising or falling edge of the OUT signal. 

For another embodiment, the slew rates of the rising and falling 
edges of the OUT signal of bus driver circuit 100 at the slowest 
operating corner (e.g., slow process parameters, high operating 
temperatures such as 130°C, and low operating voltages such as 2.9 V) 
may be approximately three times slower than the slew rates of the 
rising and falling edges of the OUT signal at the fastest operating corner 
(e.g., fast process parameters, cold operating temperatures such as 25°C, 
and high operating voltages such as 3.7 V). In contrast, the slew rates of 
the rising and falling edges of the OUT signal of bus driver circuit 200 at 
the slowest operating corner may be approximately 1.5 times slower 
than the slew rates of the rising and falling edges of the OUT signal at 
the fastest operating corner. Therefore, there may be an approximately 
2X improvement in the comparison between the slew rates of the 
rising and falling edges at the fast and slow operating corners using 
slew rate control circuit 260. 

Slew rate control circuit 260 may also affect the duty cycle of the 
DRIVE signal and consequently the OUT signal. The duty cycle may be 
altered by designing three-state inverter 225 to asymmetrically 
influence the slew rate of either the rising edge or the falling edge of 
the DRIVE or OUT signal in response to particular PVT operating 
conditions. This will be described in more detail below. 

The duty cycle of the OUT signal may vary with PVT operating 
conditions. Slew rate control circuit 260 may decrease this variability by 
appropriately controlling three-state inverter 225. For one 
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embodiment, the variability of the duty cycle of the OUT signal of bus 
driver circuit 200 between the slowest operating corner and the fastest 
operating corner may be reduced approximately 1.5 to 2.0 times over 
the OUT signal of bus driver circuit 100. Additionally, the duty cycle 
error (i.e., actual duty cycle relative to a 50% duty cycle) of the OUT 
signal of bus driver circuit 200 may be decreased over the OUT signal of 
bus driver circuit 100. Furthermore, the duty cycle of the OUT signal of 
bus driver circuit 200 may be centered about a desired 50% duty cycle 
across PVT operating conditions. 

Figure 3 shows three-state inverter 225 according to one 
embodiment. Three-state inverter 225 generally includes a CMOS pair 
of transistors comprising p-channel transistor 305 and n-channel 
transistor 310 having their gates coupled to an input node 301 for 
receiving the DATA signal and their drains coupled to an output node 
302 for strengthening the DRIVE signal when three-state inverter 225 is 
enabled. According to one embodiment, transistors 305 and 310 are 
approximately the same size as the respective devices of the CMOS 
transistor pair of inverter 215. 

Three-state inverter 225 further includes a three-state transistor 
pair comprising a p-channel transistor 315, which is coupled between 
the source of p-channel transistor 305 and the operating supply voltage 
VDD, and an n-channel transistor 320, which is coupled between the 
source of n-channel transistor 310 and system ground VSS. As shown, 
slew rate control signal SRCTL is coupled directly to the gate of n- 
channel transistor 320, and an inverter 325 is provided for supplying an 
inverted SRCTL signal to the gate of p-channel transistor 315. 
Alternatively, SRCTL may be coupled directly to the gate of p-channel 
transistor 315 and inverter 325 may be provided for supplying an 
inverted SRCTL signal to the gate of n-channel transistor 320. 

When SRCTL has a logic low value, transistors 315 and 320 are 
switched off, removing the supply voltages from the drains of 
transistors 305 and 310. In this manner, three-state inverter 225 
presents a high impedance to output node 302 and is prevented from 
affecting the slew rate of the DRIVE signal. When SRCTL has a logic 
high value, transistor 315 and 320 are switched on, and three-state 
inverter 225 is enabled to operate as a normal CMOS inverter. Thus, 



1/27/2006, EAST Version: 2.0.1.4 



WO 98/36361 



PCT/US98/03303 



-10- 

when SRCTL is a logic high value, three-state inverter 225 may affect 
the slew rate of the DRIVE signal and consequently the slew rate of the 
OUT signal. 

According to alternative embodiments, a slew rate indicator 
circuit may not be required. For example, a fuse may be inserted 
between VDD and the SRCTL signal line, and the fuse may be blown if 
an increased slew rate is not required. Other known types of 
programmable elements (e.g., nonvolatile memory bits) besides a fuse 
may also be used. 

Figure 4 shows one embodiment of slew rate indicator circuit 230 
including one-shot circuit 405 coupled in series with clocked 
comparator circuit 410. One-shot circuit 405 is configured to generate a 
pulse in response to detecting a rising edge of a reference clock signal 
CLK, which is provided at the input of one-shot circuit 405. Under 
normal operating conditions, one-shot circuit 405 is designed to 
generate a pulse having a nominal pulse width that is approximately 
equal to half of the period of the reference clock signal CLK. One-shot 
circuit 405 may have any appropriate CMOS architecture, and other 
pulse generating circuits may alternatively be used. 

Clocked comparator circuit 410 has a first input coupled to 
output 407 of one-shot circuit 405, a second input coupled to a reference 
voltage, and an enable input coupled to the reference clock signal CLK. 
According to the embodiment of Figure 4, the reference voltage is equal 
to one-half of the operating supply voltage VDD. Clocked comparator 
circuit 410 is enabled to compare the output of one-shot circuit 405 to 
the reference voltage upon detecting a falling edge of the reference 
clock signal CLK. 

Figure 5 is a timing diagram showing the manner of operation 
for a slew rate indicator according to one embodiment under various 
operating conditions. As previously described, one-shot circuit 405 
generates a pulse for each rising edge of the reference clock signal, and 
the nominal pulse width of the pulse output from one-shot circuit 405 
is equal to approximately one-half the period of the reference clock 
signal CLK. Because one-shot circuit 405 is manufactured using the 
same -process as the remainder of bus driver circuit 200 and because 
one-shot circuit 405 is operating in the same environment as the 
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remainder of bus driver circuit 200, the width of the pulse generated by 
one-shot signal 405 on output 407 varies with process, temperature, and 
supply voltage variations, and the pulse width of the pulse output by 
one-shot circuit 405 substantially tracks the slew rate of the DRIVE 
signal and the OUT signal For example, when a short pulse width 
occurs at output 407, the output slew rate will be faster than the 
nominal slew rate. For one embodiment, a short pulse occurs when 
bus driver circuit 200 circuit is operating under fast operating 
conditions (e.g., fast process parameters, cold operating temperatures, 
and /or high operating voltages). Similarly, when a long pulse width 
occurs at output 407, the slew rate of the DRIVE signal and the OUT 
signal will be slower than the nominal stew rate. For one embodiment, 
a long pulse occurs when bus driver circuit 200 circuit is operating 
under slow operating conditions (e.g., slow process parameters, hot 
operating temperatures, and /or low operating voltages). Clocked 
comparator 410 samples the PVT sensitive pulse on output 407 upon 
detecting a falling edge of CLK. 

Figure 5 shows a reference clock waveform CLK, an "A" 
waveform indicative of a fast slew rate wherein the width of the pulse 
is less than half the period of CLK, a "B" waveform indicative of a 
typical slew rate wherein the width of the pulse is approximately equal 
to half the period of CLK, a "C" waveform indicative of slow slew rate 
wherein the width of the pulse is more than half the period of CLK, a 
"D M waveform indicative of the SRCTL signal generated in response to 
waveforms A or B and CLK, and an "E" waveform indicative of the 
SRCTL signal generated in response to waveform C and CLK. 
Waveforms A-C are taken from output 407 of one-shot circuit 405, as 
shown in Figure 4. 

If one-shot circuit 405 outputs the pulse shown by waveform A, 
clocked comparator circuit 410 detects the output of one-shot circuit 405 
as being a logic low voltage at the falling edge of CLK, and clocked 
comparator circuit 410 deasserts the SRCTL signal to a logic low value 
as indicated by waveform D. Three-state inverter 225 is thus disabled, 
and inverter 215 alone determines the slew rate of the DRIVE and OUT 
signals of bus driver circuit 200. 
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If one-shot circuit 405 outputs the pulse shown by waveform B, 
the falling edge of the pulse output by one-shot circuit 405 
approximately matches the falling edge of reference clock signal, and 
the output of clocked comparator circuit 410 may become metastable 
because the voltage of the pulse may be indeterminate. A positive 
feedback connection may be placed between the output of clocked 
comparator 410 and the input of clocked comparator 410 coupled to 
node 407 to reduce the duration of metastability. Other techniques may 
be used to reduce the duration of metastability or eliminate the 
metastable condition. 

If one-shot circuit 405 outputs the pulse shown by waveform C, 
clocked comparator circuit 410 detects the output of one-shot circuit 405 
as being a logic high voltage at the falling edge of CLK, and clocked 
comparator circuit 410 asserts the SRCTL signal to a logic high value as 
indicated by waveform E. Three-state inverter 225 is thus enabled to 
strengthen the output current of the DRIVE signal and increase the 
slew rate of DRIVE and OUT signals of bus driver circuit 200. 

Care must be taken to ensure that the state of the SRCTL signal 
does not change when data is being driven by bus driver circuit 200. 
Wherein slew rate indicator 230 can operate continuously to track 
environmental changes, the SRCTL signal should be updated only 
when no data is being transmitted. This may be done, for example, by 
supplying the enable signal EN shown in Figure 2 to clocked 
comparator circuit 410 to prevent clocked comparator circuit 410 from 
sampling the output of one-shot circuit 405 when the enable signal EN 
is active high. A latch may be supplied at the output of clocked 
comparator circuit 410 for latching the value of the SRCTL signal and 
for supplying the SRCTL signal when clocked comparator circuit 410 is 
disabled. 

The range of values across which the slew rate of bus driver 
circuit 200 may vary may be further decreased by providing any number 
of additional three-state inverters and slew rate indicator circuits. For 
example, separate control signals may be provided to individually 
control the NMOS and PMOS devices of three-state inverter 225. 

.The n-channel and p-channel transistors of a CMOS circuit are 
typically fabricated using different process steps. Therefore, each of the 
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n-channel and p-channel transistors may be independently subject to 
different process variations. Thus, the p-channel transistors may be 
slow (i.e., the p-channel transistors may source less current than 
expected) when the n-channel transistors are fast (i.e., the n-channel 
transistors may sink more current than expected), and the n-channel 
transistors may be slow when the p-channel transistors are fast. The 
arrangements illustrated by Figures 2-5 generally correct for a reduced 
slew rate without regard to whether it is the n-channel transistors or 
the p-channel transistors that are responsible for the reduced slew rate. 

Figure 6A shows an alternative embodiment wherein two pre- 
driver circuit, namely three-state inverters 225A and 225B are provided 
in place of the single three-state inverter 225 shown in Figure 2. Each 
of three-state inverters 225A and 225B are controlled independently of 
one another by slew rate indicator circuit 700 shown in Figure 7. In this 
manner, slew rate variations due to n-channel process steps and p- 
channel process steps may be separately addressed. The three-state 
inverters of Figure 6A may be configured to increase the slew rate of 
the DRIVE signal, if required. Accordingly, inverter 215 (Figure 2) may 
be selected to provide the slowest desirable slew rate, and the n-channel 
and p-channel devices of three-state inverters 225A and 225B may be 
switched on if the slew rate indicator circuit of Figure 7 determines that 
an increased slew rate is required. 

Alternatively, three-state inverter 225A (or 225B) may be 
configured to be enabled when the slew rate of the DRIVE signal is in a 
nominal or typical range. For this alternative embodiment, if slew rate 
indicator 700 indicates that operating or PVT conditions cause the slew 
rate of the DRIVE signal to increase beyond an acceptable amount, then 
three-state inverter 225 A may be disabled. Alternatively, the p-channel 
or n-channel transistors of three-state inverter 225A (or 225B) may be 
individually disabled. 

For yet another alternative embodiment, three-state inverter 
225A (or 225B) may be configured to be enabled while the three-state 
inverter 225B (or 225A) may be configured to be disabled when the slew 
rate of the DRIVE signal is in a nominal or typical range. For this 
alternative embodiment, if slew rate indicator 700 indicates that 
operating or PVT conditions cause the slew rate of the DRIVE signal to 
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increase beyond an acceptable amount, then three-state inverter 225A 
may be disabled. If slew rate indicator 700 indicates that operating or 
PVT conditions cause the slew rate of the DRIVE signal to decrease 
beyond an acceptable amount, then three-state inverter 225B may be 
enabled. Alternatively, only the p-channel of n-channel transistors of 
three-state inverters 225A or 225B may be individually enabled or 
disabled. 

Three-state inverter 225A comprises p-channel transistor 605, n- 
channel transistor 610, p-channel transistor 615, and n-channel 
transistor 620. Transistors 605 and 610 have their drains coupled in 
common to an output node 601 to supplement the DRIVE signal 
output by inverter 215, when enabled. As shown, the gates of 
transistors 605 and 610 are independently controlled by slew rate 
control signals P0 and NO, respectively. Transistor 615 has its drain 
coupled to the source of transistor 605, its source coupled to operating 
supply voltage VDD, and its gate coupled to input node 602 for 
receiving the DATA signal. Transistor 620 has its drain coupled to the 
source of transistor 610, its source coupled to system ground VSS, and 
its gate coupled to input node 602 for receiving the DATA signal. 

Three-state inverter 225B comprises p-channel transistor 625, n- 
channel transistor 630, p-channel transistor 635, and n-channel 
transistor 640. Transistors 625 and 630 have their drains coupled in 
common to output node 601 to supplement the DRIVE signal output by 
inverter 215, when enabled. As shown, the gates of transistors 625 and 
630 are independently controlled by slew rate control signals PI and Nl, 
respectively. Transistor 635 has its drain coupled to the source of 
transistor 625, its source coupled to operating supply voltage VDD, and 
its gate coupled to input node 602 for receiving the DATA signal. 
Transistor 640 has its drain coupled to the source of transistor 630, its 
source coupled to system ground VSS, and its gate coupled to input 
node 602 for receiving the DATA signal. 

Any combination of transistors 605, 610, 625, and 630 may be 
enabled by slew rate control signals P0, NO, PI, and Nl, respectively, to 
increase (or decrease) the DRIVE signal output by inverter 225, 
including enabling only or all of transistors 605, 610, 625, or 630. The 
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slew rate control signals PO, NO, PI, and Nl, may be termed a "slew rate 
control code" or "SRC code". 

Transistors 605, 610, 625, and 630 may be sized (e.g., width and 
length dimensions) to approximately source or sink the same or 
different amounts of current as corresponding transistors in inverter 
215. Alternatively, each of transistors 605, 610, 625, and 630 may be 
sized to source or sink different amounts of current. For example, 
transistors P0 and PI may be sized to increase (or decrease) the amount 
of current sourced to the DRIVE signal in a geometric manner (e.g., in a 
pattern of lx, 2x, 4x, etc. of the current supplied by inverter 215. 
Similarly, transistors NO and Nl may be sized to increase (or decrease) 
the amount of current sourced to the DRIVE signal in a geometric 
manner. 

Figure 7 shows a slew rate indicator circuit 700 for controlling 
inverters 225A and 225B shown in Figure 6A. Slew rate indicator 
circuit 700 includes a PVT code generator circuit 712 that includes 
NMOS one-shot circuit 701, PMOS one-shot circuit 702, clocked 
comparator circuits 703-706, and combinational logic 710. Slew rate 
indicator circuit 700 may be a PVT detector circuit that generates a PVT 
code represented by signals W, X, Y, and Z which may be translated by 
combinational logic 710 to an SRC code represented by signals NO, Nl, 
P0, and PI. Changes in operating or PVT conditions may cause changes 
in the PVT code. 

Generally, PVT code generator circuit 712 is a sampling circuit 
that receives the FIRE signal and generates PVT sensitive pulses U and 
V. Pulses U and V are then sampled by clocked comparators 703-706 in 
response to sampling signals SAMP1 and SAMP2 generated at 
predetermined delays from the FIRE signal. Providing more sample 
points and /or sample signals may increase the resolution of the PVT 
code generated by PVT code generator circuit 712. 

NMOS one-shot circuit 701 outputs pulse U in response to 
detecting the rising edge of the FIRE signal. PMOS one-shot circuit 702 
outputs pulse V in response to detecting the rising edge of the FIRE 
signal. 

. According to one embodiment, NMOS one-shot circuit 701 is 
manufactured entirely of n-channel transistors for detecting process 

1/27/2006, EAST Version: 2.0.1.4 



WO 98/36361 



PCT/US98/03303 



-16- 

variations for n-channel devices independently of the p-channel 
process. Similarly, PMOS one-shot circuit 702 may be manufactured 
entirely of p-channel transistors for detecting process variations for p- 
channel devices independently of the n-channel process. 

Clocked comparators 703 and 704 are coupled to the output of 
NMOS one-shot circuit 701, and clocked comparators 705 and 706, 
coupled to the output of PMOS one-shot circuit 702. Clocked 
comparators 703-706 compare VDD/2, or any other reference voltage, 
with either U or V and generate the PVT code as signals W-Z. Clocked 
comparator 703 is enabled to sample the output of NMOS one-shot 
circuit 701 in response to the falling edge of a SAMP1 signal and 
outputs the W signal; clocked comparator 704 is enabled to sample the 
output of NMOS one-shot circuit 701 in response to the falling edge of 
a SAMP2 signal and outputs the X signal; clocked comparator 705 is 
enabled to sample the output of PMOS one-shot circuit 702 in response 
to the falling edge of a SAMP1 signal and outputs the Y signal; and 
clocked comparator 706 is enabled to sample the output of PMOS one- 
shot circuit 702 in response to the falling edge of a SAMP2 signal and 
outputs the Z signal. 

Combinational logic 710 translates the PVT codes produced by 
PVT code generator 712 as signals W-Z into appropriate SRC codes 
(signals NO, Nl, P0, and PI) for enabling or disabling transistors 605, 
610, 625, and 630 in order to maintain the output slew rate of the 
DRIVE or OUT signal within desirable limits. For one embodiment, a 
change in the PVT code due to changes in PVT operating conditions 
would cause a corresponding change in the SRC code. For example, the 
W-Z signals may be directly mapped to the N0-N1 and P0-P1 control 
signals as follows: NO is coupled to W; Nl is coupled to X; P0 is coupled 
to the logical inverse of Y; and PI is coupled to the logical inverse of Z. 
For this embodiment, combinational logic 710 may simply comprise 
inverters for inverting Y and Z. 

Given that PVT code generator circuit 712 does not directly 
measure the slew rate of the DRIVE or OUT signal, the PVT codes may 
not always map to the SRC codes as described above. By simulating or 
characterizing many of the possible PVT conditions, it may be 
determined that there are situations in which having the PVT codes 
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directly map to the SRC codes would lead to undesirable slew rates of 
either the rising or falling edges of the DRIVE or OUT signal, or to 
undesirable duty cycles of the DRIVE or OUT signal. Therefore, 
combinational logic 710 can be designed to process the PVT codes and 
generates desirable SRC codes, that is, the PVT codes generated under 
certain PVT operating conditions may be re-mapped or error-corrected 
to desirable SRC codes by combinational logic 710. Implementations of 
more complicated mapping using combinational logic 710 are discussed 
below with respect to figures 11 A and 11B. 

According to the present embodiment, the FIRE, SAMP1, and 
SAMP2 signals are pulses generated by a synchronous counter or a 
control circuit (not shown) that operates in response to the reference 
clock signal CLK. This allows the generation and pulse widths of the 
FIRE, SAMP1, and SAMP2 signals to be accurately controlled. 
According to one embodiment, the pulse width of the FIRE signal is 
longer than that of the SAMP2 signal, which is longer than that of the 
SAMP1 signal. The NMOS and PMOS one-shot circuits 701 and 702 are 
designed such that the falling edges of U and V will typically fall within 
a window defined by the falling edges of the SAMP1 and SAMP2 
signals for nominal process conditions. 

For another embodiment, the SAMP1 and SAMP2 signals may 
have different pulse widths than that described above. For example, 
SAMP1 and /or SAMP2 may have a pulse width of one or more clock 
(CLK) cycles which may occur at predetermined delays after the FIRE 
signal has been asserted. Clocked comparators 703-706 may sample the 
U and V pulses in response to either the rising edge or the falling edge 
of the SAMP1 or SAMP2 signals. 

Figure 8 shows waveforms CLK, FIRE, SAMP1, SAMP2, "D," "E," 
"F", "G", and "H". Waveform D indicates a fast slew rate indicative of 
fast operating conditions (e.g., fast process parameters, cold operating 
temperatures, and /or high operating voltages). Waveform E indicates 
a normal/nominal slew rate indicative of normal operating conditions 
(e.g., nominal process parameters, nominal operating temperatures, 
and /or nominal operating voltages). Waveform F indicates a slow 
slew rate indicative of slow operating conditions (e.g., slow process 
parameters, hot operating temperatures, and /or low operating 
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voltages). Waveforms D-F represent possible outputs U and V from 
NMOS and PMOS one-shot circuits 701 and 702, respectively. The 
nominal pulse width of waveform E may span multiple clock periods 
of reference clock signal CLK. For one embodiment, waveform E spans 
approximately eight (8) clock periods of reference clock signal CLK. 

Clocked comparators 703-706 are enabled to sample the outputs 
of their corresponding one-shot circuits at the falling edge of either the 
SAMP1 or SAMP2 signals. By comparing waveforms D-F to the falling 
edges of the SAMP1 and SAMP2 signals, the following observations are 
made: 1) the pulse of waveform D will be detected as a logic low by 
comparators clocked by either the SAMP1 or SAMP2 signal; 2) the pulse 
of waveform E will be detected as a logic high by a comparator clocked 
by the SAMP1 signal and as a logic low by a comparator clocked by the 
SAMP2 signal; and 3) the pulse of waveform F will be detected as a logic 
high by comparators clocked by either the SAMP1 or SAMP2 signal. 

Waveform G corresponds to one embodiment of signal W 
output by comparator 703 or signal Y output by comparator 705 in 
response to waveforms E or F. For example, waveform G will 
transition to a high level if waveforms U or V are a high level at the 
falling edge of SAMP1, that is, when either waveform E or F is high at 
the falling edge of SAMP1. Waveform H corresponds to one 
embodiment of signal X output by comparator 704 or signal Z output by 
comparator 706 in response to waveform F. For example, waveform H 
will transition to a high level if waveforms U or V are a high level at 
the falling edge of SAMP2, that is, when waveform F is high at the 
falling edge of SAMP2. 

Figure 8 illustrates, for example, that if operating or PVT 
conditions indicate that the slew rate of the DRIVE signal is slower 
than desired, then the PVT code generated by PVT code generator 712 as 
signals W-Z will be 1111. Combinational logic 710 may then translate 
this PVT code into an SRC code equal to 1100 for signals NO, Nl, P0, 
and PI, respectively. This will cause three-state inverters 225A and 
225B to be enabled to increase the slew rate of the DRIVE signal. 

As previously discussed with respect to Figure 6A, the PVT code 
generated by PVT code generator 712 and the translation performed by 
combinational logic 710 may be altered such that one or both of three- 
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state inverters 225A or 225B is enabled or disabled when a slew rate 
other than a nominal slew rate of the DRIVE signal is indicated by the 
given PVT operating conditions. 

Figure 9A shows NMOS one-shot circuit 701 according to one 
embodiment. NMOS one-shot circuit 701 includes a circuit 920 that 
provides a signal for one input of NAND gate 910 in response to the 
FIRE signal. There may be one or more circuits like circuit 920 coupled 
in series to provide an appropriate delay to the FIRE signal. Circuit 920 
includes n-channel transistors 901-903, NAND gate 910, and inverter 
915. An input node 907 is coupled to receive the FIRE signal. The 
input node 907 is also coupled to the gate of transistor 901 and to one 
input of NAND gate 910. The other input of NAND gate 910 is coupled 
to node 908. Transistor 902 is diode-connected for biasing node 908 to a 
logic high value when switching transistor 901 is switched off. 
Transistor 903 is configured as an MOS capacitor. Together, transistors 
901-903 determine the rate at which node 908 is charged and discharged. 
Larger than nominal device sizes for transistors 901-903 will slow the 
rates of charging and discharging at node 908 because of the increased 
capacitance of transistor 903. Thus, it may be seen that output 
waveform U depends entirely on the NMOS process. 

Figure 9B shows the operation of NMOS one-shot circuit 701. At 
time t0, the FIRE signal transitions from a low level to a high level 
which causes output waveform U to be asserted to a high level. The 
voltage on node 908 starts to drop towards VsS as the charge stored on 
transistor 903 discharges through transistor 901. At time tl, the voltage 
on node 908 reaches the trip point of NAND gate 910, and output 
waveform U is deasserted, or drops to a low level. At time t2, node 908 
is fully discharged to VSS- 

Figure 10A shows a PMOS one-shot circuit 702 of one 
embodiment in more detail. PMOS one-shot circuit 702 includes a 
circuit 1020 that provides a signal for one input of NAND gate 1010 in 
response to the FIRE signal. There may be one or more circuits like 
circuit 1020 coupled in series to provide an appropriate delay to the 
FIRE signal. Circuit 1020 includes transistors 1001-1003, NAND gate 
1010, and inverter 1015. Transistors 1001-1003 are all PMOS transistors 
and operate substantially like transistors 901-903 of NMOS one-shot 



1/27/2006, EAST Version: 2.0.1.4 



WO 98/36361 



PCT/US98/03303 



-20- 

circuit 701. Thus, it may be seen that the charging and discharging of 
node 1008 and the output waveform V depends entirely on the PMOS 
process. 

Figure 10B shows the operation of PMOS one-shot circuit 702. At 
time tO, the FIRE signal transitions from a low level to a high level 
which causes output waveform V to be asserted to a high level. The 
voltage on node 1008 starts to drop towards Vss as the charge stored on 
transistor 1003 discharges through transistor 1002. At time tl, the 
voltage on node 1008 reaches the trip point of NAND gate 1010, and 
output waveform V is deasserted, or drops to a low level. At time t2, 
node 1008 is fully discharged to VsS- 

As previously described combinational logic 710 may re-map 
certain PVT codes to different SRC codes in response to PVT operating 
conditions previously determined to cause undesirable PVT codes. 
Figure 11 A shows one embodiment of combinational logic 710 for 
mapping PVT codes generated under particular PVT operating 
conditions to desired SRC codes based on simulation data. 
Combinational logic 710 of Figure 11 A is shown as including NOR 
gates 1101, 1108, and 1114, NAND gates 1102-1107 and 1109-1111, and 
inverters 1112-1113 and 1115 to 1122. The output signals W-Z of 
clocked comparators 703-706 are coupled to the logic gates as shown. 

The SRC codes generated by the logic of Figure 11A can be 
expressed by the following logic equations where the apostrophe 
symbol indicates an active low signal: 

(1) NO = YZ' + XY + WX'Y* 

(2) Nl = X + Z 

(3) P0' = W'Y + XZ + WY' + X'YZ* 

(4) pr = Z + XY 

Table 1 summarize how the logic of Figure 11A may be derived. 
Table 1 shows simulation conditions for PVT conditions including 
process (P), operating voltage (V), and temperature (T). For the process 
conditions, the first letter refers to fast (F), slow (S), or typical (T) NMOS 
process parameters, and the second letter refers to PMOS process 
parameters. First, optimal or desired SRC codes are determined for 
three-state inverters 225A and 225B based on simulated PVT 
conditions. These results are tabulated in columns four through seven. 
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Second, the PVT codes generated by PVT code generator circuit 712 are 
simulated under the same PVT conditions. These results are 
summarized in columns eight through eleven. Then the logic can be 
readily designed to translate the PVT codes to the desired SRC codes or 
close to the SRC codes. The logic of Figure 11 A is tabulated in columns 
twelve through fifteen. 
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Simulation Conditions 


Desired SRC Codes 


Simulated PVT Codes 


Actual SRC Codes 


P 


V 


T 


N1 


NO 


P1 


PO 


X 


w 


z 


Y 


N1 


NO 


P1 


PO 


FF 


3.3 V 


65°C 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


FF 


2.9 V 


0°C 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


FF 


2.9 V 


100°C 


0 


1 


0 


1 


0 


1 


o I 


0 


0 


1 


0 


1 


FF 


3.7 V 


0°C 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


FF 


3.7 V 


100°C 


0 


1 


0 


1 


0 


0 


0 


0 


0 


1 


0 


1 


FS 


3.3 V 


65°C 


0 


1 


0 


1 


0 


1 


1 


1 


0 


1 


0 


1 


FS 


2.9 V 


0°C 


1 


0 


1 


1 


0 


0 


1 


1 


1 


0 


1 


1 


FS 


2.9 V 


100°C 


1 j 


0 


1 


0 


0 


1 


1 : 


1 


1 


0 


1 


0 


FS 


3.7 V 


0°C 


0 


1 


1 


1 


0 


0 


0 


1 


0 


1 


1 


1 


FS 


3.7 V 


100°C 


0 


1 


0 


1 


0 


1 


0 




0 


1 


0 


1 


TT 


3.3 V 


65°C 


0 i 


1 


0 


1 


0 


1 


0 




0 


1 


0 


1 


TT 


2.9 V 


0°C 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


TT 


2.9 V 


100°C 


0 


1 


0 


1 


0 


1 


0 


1 


0 


1 


0 


1 


TT 


3.7 V 


o°c 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


TT 


3.7 V 


100°C 


0 


1 


0 


1 


0 


1 


0 


0 


0 


1 


0 


1 


SF 


3.3 V 


65°C 


0 


1 


0 


1 


0 


1 


0 


0 


0 


1 


0 


1 


SF 


2.9 V 


0°C 


0 


1 


0 


1 


0 


1 


0 


0 


0 


1 


0 


1 


SF 


2.9 V 


100°C 


1 


1 


1 


0 


1 


1 


0 


1 


1 


1 


1 


0 


SF 


3.7 V 


o°c 


0 


0 


0 


0 


0 


1 


0 


0 


0 


0 


0 


0 


SF 


3.7 V 


100°C 


1 


0 


0 


1 


1 


1 


0 


0 


1 


0 


0 


1 


S3 


3.3 V 


65°C 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


S3 


2.9 V 


0°C 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


S3 


2.9 V 


100°C 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


S3 


3.7 V 


0°C 


0 


1 


0 


1 


0 


1 


0 


1 


0 


1 


0 


1 


SS 


3.7 V 


100°C 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 


1 



Table 1 

Figure 11B illustrates combinational logic 1128 that is another 
embodiment of combinational logic 710. Combinational logic 1128 
receives the PVT code signals W-Z and generates the SRC code signals 
NO,- Nl, PO, and PI. Combinational logic 1128 includes inverters 1130- 
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1137, two-input NAND gates 1140 and 1141, and three-input NAND 
gates 1138 and 1139. Inverters 1130 and 1134 generate Nl having the 
same state as signal X. Inverters 1131 and 1135 generate NO having the 
same state as signal W. Two-input NAND gate 1140 outputs PI and has 
one input coupled to Z via inverters 1132 and 1136, and the other input 
coupled to the output of three-input NAND gate 1138. Three-input 
NAND gate 1138 has a first input coupled to the output of inverter 1130 
to receive X', a second input coupled to W, a third input coupled to Y. 
Two-input NAND gate 1141 outputs P0 and has one input coupled to Y 
via inverters 1133 and 1137, and the other input coupled to the output 
of three-input NAND gate 1139. Three-input NAND gate 1139 has a 
first input coupled to the output of inverter 1130 to receive X', a second 
input coupled to the output of inverter 1131 to receive W, and a third 
input coupled to the output of inverter 1132 to receive Z\ 

The SRC codes generated by the logic of Figure 11B can be 
expressed by the following logic equations where the apostrophe 
symbol indicates an active low signal: 

(1) NO = W 

(2) Nl = X 

(3) P0 = Y' + X'W'Z' 

(4) PI = Z' + X'WY 

The logic of Figure 11B may be generated is a similar fashion to 
that described above with respect to Figure 11 A and Table 1. Table 2 
summarizes the data for generating the logic of Figure 11B. 
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Simulation Conditions 


Desired S 


RC Codes 


Simulated PVT Codes 


Actual SRC Codes 


P 


V 


T 


N1 


NO 


P1 


PO 


X 


w 


z 


Y 


N1 


NO 


P1 


PO 


FF 


3.3 V 


65°C 


0 


0 


1 


1 


0 


0 


0 


0 


0 


0 


1 


1 


FF 


2.9 V 


0°C 


0 


0 


1 


1 


0 


0 


0 


1 


0 


0 


1 


1 


FF 


2.9 V 


130°C 


0 


1 


1 , 


0 


0 


1 


0 


1 


0 


1 


1 


0 


FF 


3.7 V 


0°C 


0 I 


0 


1 


1 


0 : 


0 


0 


0 


0 


0 


1 


1 


FF 


3.7 V 


130°C 


0 


1 




0 


0 


1 


0 


1 


0 


1 


1 


0 


FS 


3.3 V 


65°C 


0 


1 




0 


0 


1 


1 


1 


0 


1 


1 


0 


FS 


2.9 V 


0°C 


0 


1 




0 


0 


1 


1 


1 


0 


1 


1 


0 


FS 


2.9 V 


130°C 


1 


1 




o i 


1 


1 


1 


1 


1 


1 




0 


FS 


3.7 V 


0°C 


0 




1 


0 


0 




0 


1 


0 




1 


1 


FS 


3.7 V 


130°C 


0 


1 


1 


0 


0 


1 


1 


1 


0 


1 


1 


0 


TT 


3.3 V 


65°C 


0 


1 


1 


0 


0 


1 


0 


1 


0 


1 


1 


0 


TT 


2.9 V 


0°C 


0 


1 


1 


0 


1 


1 


1 


1 


0 


1 


1 


0 


TT 


2.9 V 


130°C 


1 


1 




0 


0 


1 


1 


1 


1 


1 




0 


TT 


3.7 V 


0°C 


0 




1 


1 


0 




0 


1 


0 




1 


1 


TT 


3.7 V 


130°C 


0 


. 1 


1 


0 


0 


1 


0 


1 


0 


1 


1 


0 


SF 


3.3 V 


65°C 


0 


1 


1 


1 


0 


1 


0 


0 


0 


1 


1 


1 


SF 


2.9 V 


0°C 


0 






0 


0 




0 


1 


0 






0 


SF 


2.9 V 


130°C 


1 






0 


1 




0 


1 


1 






0 


SF 


3.7 V 


0°C 


0 






1 


0 




0 


0 


0 






1 


SF 


3.7 V 


130°C 


0 






1 


0 




0 


0 


0 






1 


S3 


3.3 V 


65°C 


0 






0 


0 




1 


1 


0 






0 


S3 


2.9 V 


0°C 


1 




0 


0 


1 




1 


1 


1 




0 


0 


S3 


2.9 V 


130°C 


1 




0 


0 


1 




1 


1 


1 




0 


0 


S3 


3.7 V 


0°C 


0 




1 


0 


0 




0 


1 


0 




1 


0 


S3 


3.7 V 


130°C 


1 




0 


0 


1 




1 


1 


1 




0 


0 



Table 2 

Figure 12 illustrates slew rate indicator 1200 that is another 
embodiment of slew rate indicator 230 for controlling three-state 
inverters 225A and 225B shown in Figure 6A. Slew rate indicator 1200 
may also be considered a PVT detector that generates varying SRC code 
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signals in response to changes in PVT operating conditions of a device 
or system containing bus driver circuit 200 and slew rate indicator 1200. 
Slew rate indicator 1200 may generate an SRC code for two three-state 
inverters or any number of three-state inverters coupled in parallel 
with inverter 215 of Figure 2. 

Slew rate indicator 1200 includes PVT code generator circuit 1230 
and combinational logic 1210. As with PVT detector 712 of Figure 7, 
PVT code generator circuit 1230 generates a PVT code as signals W-Z. 
Combinational logic 1210 interprets the PVT code of signals W-Z and 
generates a slew rate control (SRC) code as signals NO, Nl, P0, and PI. 
Combinational logic 1210 may be referred to as a PVT code interpreter 
or an SRC code generator. 

PVT code generator 1230 includes predrivers or tracking circuits 
1232, 1234, 1236, and 1238. Any number of tracking circuit may be used 
in PVT code generator 1230. Each tracking circuit includes a tunable 
current source, a biasing transistor, and a comparator. For example, 
tracking circuit 1232 includes tunable current source 1222 sourcing 
current lN0/ n-channel biasing transistor 1202, and comparator 1212. 
Tracking circuit 1234 includes tunable current source 1224 sourcing 
current INL n-channel biasing transistor 1204, and comparator 1214. 
Tracking circuit 1236 includes tunable current source 1226 sinking 
current Ipo, p-channel biasing transistor 1206, and comparator 1216. 
Tracking circuit 1238 includes tunable current source 1228 sinking 
current Ipi, p-channel biasing transistor 1208, and comparator 1218. 

The tunable current sources are adjustable based on known 
circuit parameters (e.g., transistor sizes and process parameters) as well 
as likely operating conditions such that the tunable current sources 
may provide a constant current across changing PVT operating 
conditions as generally known in the art. For one embodiment, the 
tunable current sources may include a band gap reference circuit. 

The tunable current sources may be tuned to correspond to the 
slowest transistors. Alternatively the tunable current sources may be 
tuned to correspond to the fastest transistors. Typical constant currents 
may range from 50 \iA to 250 |iA. Additionally, the biasing voltages 
may be biased accordingly to emphasize one or more of the PVT 
conditions. For example, process and voltage variations may be 
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emphasized or have more impact on the PVT code than temperature 
conditions. 

The function of each of n-channel tracking circuits 1232 and 1234 
may be illustrated with reference to tracking circuit 1232. When PVT 
conditions are fast relative to nominal PVT conditions, then the 
impedance of transistor 1202 decreases causing the voltage at node 1240 
to decrease. When the voltage at node 1240 decreases to a value less 
than Vref, then comparator 1212 causes the W signal to have a low 
logic value. The low logic value of the W signal may be coupled to the 
NO signal by combinational logic 1210 to disable n-channel transistor 
610 in Figure 6 A from affecting the slew rate of the DRIVE or OUT 
signal. For one embodiment, Vref is VDD/2. 

Similarly, when PVT conditions are slow relative to nominal 
PVT conditions, then the impedance of transistor 1202 increases 
causing the voltage at node 1240 to increase. When the voltage at node 
1240 increases to a value greater than Vref, then comparator 1212 causes 
the W signal to have a high logic value. The high logic value of the W 
signal may be coupled to the NO signal by combinational logic 1210 to 
enable n-channel transistor 610 in Figure 6A to increase the slew rate of 
the DRIVE or OUT signal. 

The function of each of p-channel tracking circuits 1236 and 1238 
may be illustrated with reference to tracking circuit 1236. When PVT 
conditions are fast relative to nominal PVT conditions, then the 
impedance of transistor 1206 decreases causing the voltage at node 1244 
to increase. When the voltage at node 1244 increases to a value greater 
than Vref, then comparator 1216 causes the Y signal to have a high 
logic value. The high logic value of the Y signal may be coupled to the 
P0 signal by combinational logic 1210 to disable p-channel transistor 605 
in Figure 6 A from affecting the slew rate of the DRIVE or OUT signal. 

Similarly, when PVT conditions are slow relative to nominal 
PVT conditions, then the impedance of transistor 1206 increases 
causing the voltage at node 1244 to decrease. When the voltage at node 
1244 decreases to a value lower than Vref, then comparator 1216 causes 
the Y signal to have a low logic value. The low logic value of the Y 
signal .may be coupled to the P0 signal by combinational logic 1210 to 
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enable p-channel transistor 605 in Figure 6A to increase the slew rate of 
the DRIVE or OUT signal. 

The constant currents INO/ lNL IPO/ and Ipi may be equal to each 
other, or may be different. For example, Inj may source twice as much 
current as I]\J0/ an d *P1 m ay source twice as much current as Ipo. The 
criteria for setting constant currents I]\J0/ INI/ IPO/ and Ipi is to tune the 
outputs of the tracking circuits to switch at the appropriate PVT 
operating conditions. 

For another embodiment, PVT code generator 1230 may use one, 
four, or any number of tracking circuits depending on the number of 
SRC codes signals required. For another embodiment, PVT codes on 
W-Z may be encoded by combinational logic 1210 to reduce the number 
of SRC control signals. For example, 2 N tracking circuits may be used 
to drive combinational logic 1210, where N represents the number of 
SRC codes. For this embodiment, a possible implementation of slew 
rate circuit 260 may include an array of N three-state predrivers 225. 
The array of N three-state pre-drivers may vary in strength/size in a 
geometric pattern to decode and utilize the encoded SRC codes. 

It will be appreciated that a PVT operating condition 
corresponding to a nominal or typical slew rate for the DRIVE or OUT 
signal may correspond to inverter 215 being enabled and three-state 
inverters 225 A and 225B being disabled. For another embodiment, the 
PVT operating condition corresponding to a nominal or typical slew 
rate for the DRIVE or OUT signal may correspond to inverter 215 being 
enabled and one of three-state inverters 225A or 225B being enabled (or 
either of their respective p-channel or n-channel transistors being 
enabled). 

Combinational logic 1210 performs a similar function as 
combinational logic 710 of Figure 7, that is, combinational logic 1210 
may re-map PVT codes to desired SRC codes at different PVT operating 
conditions. Additionally, combinational logic 1210 may error-correct or 
eliminate undesirable PVT codes, and combinational logic 1210 may 
generate SRC codes that affect the duty cycle of the DRIVE or OUT 
signal. One embodiment of combinational logic 1210 is illustrated in 
Figure. 13. 
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Combinational logic 1210 of Figure 13 includes AND gate 1302, 
inverters 1304 and 1306, and OR gate 1308. AND gate 1302 outputs the 
Nl signal in response to the X signal and the inverted Y signal received 
from inverter 1304. OR gate 1308 outputs the PI signal in response to 
the Z signal and the inverted W signal output from inverter 1306. 

Combinational logic 1210 may be used in conjunction with 
three-state inverters 225C and 225D illustrated in Figure 6B. Three-state 
inverters 225C and 225D are configured in a similar fashion as three- 
state inverters 225A and 225B of Figure 6A with one exception: three- 
state inverter 225C has the drain of transistor 615 coupled to the drain 
of transistor 620, and three-state inverter 225D has the drain of 
transistor 635 coupled to the drain of transistor 640. Due to this 
configuration, three-state inverter 225C has the characteristic operation 
of increasing the slew rate of both the rising and falling slew rates of the 
DRIVE signal when NO is asserted to a high voltage or when P0 is 
asserted to a low voltage. For example, when NO is asserted to a high 
voltage, transistor 610 is conducting and will increase the rising and 
falling edge slew rates of the DRIVE signal at node 601. Transistor 610 
may increase the falling edge slew rate to a greater degree than the 
rising edge slew rate. Transistor 605 operates in a similar fashion. 
Similarly, three-state inverter 225D has the characteristic operation of 
increasing the slew rate of both the rising and falling edges of the 
DRIVE signal when signal Nl s asserted to a high voltage or when PI is 
asserted to a low voltage. 

Combinational logic 1210 may error-correct or re-map 
undesirable PVT codes generated by PVT code generator 1230. A 
summary of the re-mapped PVT codes is illustrated in Tables 3 and 4. 
The re-mapping may be useful to limit maximum slew rates. For 
example, when PVT operating conditions are such that the DRIVE 
signal has a slow rising slew rate and a fast falling slew rate, then the 
PVT code generated on W-Z may be 1111. Without SRC code re- 
mapping by combinational logic 1210, the SRC code signals NO, Nl, P0, 
and PI are also 1111, and three-state inverters 225C and 225D increase 
the slow rising slew rate, but also have the undesired effect of 
increasing the fast falling slew rate (to a lesser degree). Re-mapping the 
SRC codes signals NO, Nl, P0, and PI to 1011, respectively, still increases 

1/27/2006, EAST Version: 2.0.1.4 



WO 98/36361 



PCT/US98/03303 



-29- 

the slow rising slew rate, but limits the increase of the already fast 
falling slew rate of the DRIVE signal. 

Table 3 shows a summary of simulated PVT operating 
conditions and at various PVT conditions similar to Tables 1 and 2. As 
in Tables 1 and 2, the process (P) column has the NMOS process 
parameters listed first as fast (F), slow (S), or typical (T), and the PMOS 
process parameters listed second. The "Actual SRC Codes" are the SRC 
codes generated by combinationallogic 1210 of Figure 13. 
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Simulation Conditions 


Simulated PVT Codes 


Actual SRC Codes 


P 


V 


T 


NO 


N1 


PO 


P1 


NO 


N1 


PO 


P1 


SS 


3.0 V 


110°C 


1 


1 


0 


0 


1 


1 


0 


o ! 


S3 


3.0 V 


0°C 


1 


1 


0 


0 


1 


1 


0 


0 i 


S3 


3.3 V 


110°C 


1 


1 


0 


0 


1 


1 


0 


0 


S3 ' 


3.3 V 


0°C 


1 


1 


0 


0 


1 


1 


0 


o 


S3 ! 


3.6 V 


110°C 


1 


0 


0 




1 


0 


o 




SS 


3.6 V 


o°c 


1 


0 


0 


1 


1 


o 


o 


1 


TT 


3.0 V 


110°C 


1 


0 


0 


1 


1 


o 


o 


1 


TT 


3.0 V 


o°c 


1 


0 


o 


1 


1 


o 


o 




TT 


3.3 V 


110°C 


1 


0 


0 


1 


1 


o 


o 




TT 


3.3 V 


o°c 


1 


0 


0 


1 


1 


0 


o 


1 


TT 


3.6 V 


110°C 


1 


0 


0 


1 


1 


0 


0 


1 


TT 


3.6 V 


o°c 


0 


0 




1 


0 


0 




1 


FF 


3.0 V 


110°C 


0 


0 


1 


1 


0 


0 


1 


1 


FF 


3.0 V 


o°c 


0 


0 


1 


1 


0 


0 


1 




FF 


3.3 V 


110°C 


0 


0 


1 


1 


0 


0 


1 


1 


FF 


3.3 V 


o°c 


0 


0 


1 


1 


0 


0 


1 


1 


FF 


3.6 V 


110°C 


0 


0 


1 


1 


0 


0 


1 


1 


FF 


3.6 V 


o°c 


0 


0 


1 


1 


0 


0 


1 


1 


SF 


3.0 V 


110°C 


1 


1 


1 


1 




0 


1 


1 


SF 


3.0 V 


o°c 


1 


1 


1 


1 


1 


0 


1 


1 


SF 


3.3 V 


110°C 


1 


1 


1 


1 


1 


0 


1 


1 


SF 


3.3 V 


o°c 


1 


1 


1 


1 


1 


0 


1 


1 


SF 


3.6 V 


110°C 


1 










0 






SF 


3.6 V 


o°c 


1 










0 






FS 


3.0 V 


110°C 


0 


0 


0 


0 


0 


0 


0 




FS 


3.0 V 


o°c 


0 


0 


0 


0 


0 


0 


0 




FS 


3.3 V 


110°C 


0 


0 


0 


0 


0 


0 


0 




FS 


3.3 V 


0°C 


0 


0 


0 


0 


0 


0 


0 




FS 


3.6 V 


110°C 


0 


0 


0 


0 


0 


0 


0 




FS 


3.6 V 


o°c 


0 


0 


0 


0 


0 


0 


0 





Table 3 
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As previously discussed, combinational logic 1210 error-corrects 
or eliminates several possible SRC codes. The eliminated codes may be 
found not to occur in a particular process, or may determined not to be 
useful or may even have undesirable effects upon the slew rate of the 
DRIVE or OUT signal (e.g., increasing the slew rate of one edge of the 
DRIVE or OUT signal too much etc.). For example, Table 3 illustrates 
that the fast n-channel/slow p-channel process operating conditions 
have been error-corrected to fast n-channel/ typical p-channel SRC 
codes. Furthermore, Table 3 illustrates that the slow n-channel /fast p- 
channel process operating conditions have been error-corrected to 
typical n-channel /fast p-channel SRC codes. 

Any SRC code may be mapped out for a given slew rate indicator 
given the intended PVT conditions and desired slew rate adjustments 
to the DRIVE or OUT signal. 

Figures 14A illustrates tracking circuit 1400 which is an 
alternative embodiment for tracking circuit 1236. In this embodiment, 
the p-channel transistor 1206 is no longer configured as a diode; rather, 
its gate is coupled to a biasing voltage Vbl. Additionally, comparator 
1216 has its inverted input coupled to another biasing voltage Vb2 and 
not Vref. The biasing voltages may be selected to produce a desired 
state to emphasize a particular PVT operating conditions. The biasing 
voltages may be determined through characterization or simulation of 
actual or anticipated PVT operating conditions. The biasing voltage 
may be selected to bias biasing transistor 1206 in a linear or saturation 
region of operation. 

Figure 14B similarly illustrates tracking circuit 1402 which is an 
alternative embodiment or tracking circuit 1232. In this embodiment, 
the n-channel transistor 1202 is no longer configured as a diode; rather, 
its gate is coupled to biasing voltage Vbl. Additionally, comparator 
1212 has its inverted input coupled to another biasing voltage Vb2 and 
not Vref. The biasing voltages may be selected to produce a desired 
state to emphasize a particular PVT operating conditions. The biasing 
voltages may be determined through characterization or simulation of 
actual or anticipated PVT operating conditions. The biasing voltage 
may be selected to bias biasing transistor 1202 in a linear or saturation 
region of operation. 
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Table 4 summarizes one embodiment of the SRC codes 
generated by slew rate indicator 1200 when tracking circuits 1232 and 
1234 are replaced with tracking circuit 1402 of Figure 14B having Vbl = 
2VDD/3 and Vb2 = VDD. Additionally tracking circuits 1236 and 1238 
are replaced with tracking circuit 1400 of Figure 14A having Vbl = 
VDD/3 and Vb2 = ground. The combinational logic for combinational 
logic 1210 may be readily determined from Table 4. Furthermore, the 
error-corrected SRC codes are readily determined from Table 4. 
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Simulation Conditions 


Simulated PVT Codes 


Actual SRC Codes 


P 


V 


T 


NO 


N1 


PO 


P1 


NO 


N1 


PO 


P1 


S3 


3.0 V 


110°C 


1 


1 


0 


0 


1 


1 


0 


0 


S3 


3.0 V 


0°C 


1 


1 


0 


0 


1 


1 


0 


0 


S3 


3.3 V 


110°C 


1 


1 


0 


0 


1 


1 


0 


0 


S3 


3.3 V 


o°c 


1 


0 


0 


1 


1 


0 


0 




S3 


3.6 V 


110°C 


1 


0 


0 


1 


1 


0 


0 


1 


S3 


3.6 V 


o°c 


1 


0 


0 


1 


1 


0 


0 


1 j 


TT 


3.0 V 


110°C 


1 


1 


0 




1 


1 


0 




TT 


3.0 V 


o°c 


1 


0 


0 


1 


1 


0 


0 


1 


TT 


3.3 V 


110°C 


1 


0 


0 




1 


0 


0 


1 


TT 


3.3 V 


o°c 


1 


0 


0 


1 


1 


0 


0 


1 


TT 


3.6 V 


110°C 


1 


0 


0 


1 


1 


0 


0 


1 


TT 


3.6 V 


o°c 


0 


0 


1 


1 


0 


0 


1 


1 


FF 


3.0 V 


110°C 


1 


0 


0 


1 


! 


0 


0 


1 


FF 


3.0 V 


o°c 


0 


0 


1 


1 


0 


0 


1 


1 


FF 


3.3 V 


110°C 


1 


0 


0 


! 


1 


0 


0 


1 


FF 


3.3 V 


o°c 


0 


0 


1 


1 


0 


0 


1 


1 


FF 


3.6 V 


110°C 


0 


0 


1 




0 


0 


1 


1 


FF 


3.6 V 


o°c 


0 


0 


1 


! 


0 


0 


1 


1 


SF 


3.0 V 


110°C 


1 


1 


0 


1 


1 


1 


0 


1 


SF 


3.0 V 


o°c 


! 


1 


1 


1 


1 


0 


1 


1 


SF 


3.3 V 


110°C 


1 


1 


0 


1 


1 


1 


0 


1 


SF 


3.3 V 


0°C 


! 


0 


1 




! 


0 


1 




SF 


3.6 V 


110°C 




0 


1 






0 


1 




SF 


3.6 V 


o°c 




0 


1 






0 


1 




FS 


3.0 V 


110°C 




0 


0 






0 


0 




FS 


3.0 V 


o°c 


0 


0 


0 




0 


0 


0 




FS 


3.3 V 


110°C 


1 


0 


0 




1 


0 


0 




FS 


3.3 V 


o°c 


0 


0 


0 




0 


0 


0 




FS 


3.6 V 


110°C 


0 


0 


0 




0 


0 


0 




FS 


3.6 V 


o°c 


0 


0 


0 




0 


0 


0 





Table 4 
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The relationship of PVT operating conditions to the function of 
tracking circuits 1232-1238 and 1400-1402 may be described as follows. 
Recall that the slew rate of the OUT signal is a strong function of the 
slew rate of the DRIVE signal, and the slew rate of the DRIVE signal is 
proportional to the switching delay of three-state inverter 225 driving 
the fixed load of output buffer 220. This can be approximated as an RC 
charging problem as shown in Figure 16. 

Figure 16 illustrates an equivalent circuit of three-state inverter 
225 having a resistance Reffp representing resistance due to PMOS 
transistors, and a resistance Reffn representing resistance due to NMOS 
transistors. Additionally, output buffer 220 is represented as a 
capacitive load C The slew rate of the DRIVE signal for the equivalent 
circuit may be proportional to 1/Tp, where Tp is the switching delay of 
the equivalent circuit of three-state inverter 225. Tp may be expressed 
as Ieff/(C*Vswing), where Ieff is the current flowing through Reffp or 
Reffn, and Vswing is the voltage swing of the DRIVE signal. 
Ieff /Vswing may be expressed as GMeff, where GMeff is the effective 
large signal conductance of three-state inverter 225. GMeff may be 
approximated with the DC measurement Vds/Ibias such that the slew 
rate of the DRIVE signal may approximately equal Ibias/(C*Vds). 

In tracking circuits 1232 and 1400, Ibias is the bias current of the 
devices (e.g., INO or Ipo) which is set by constant current sources 1222 
and 1226, respectively such that the slew rate of the DRIVE signal is 
proportional to Vds of the biasing devices (i.e., elements 1202 and 1206). 

By setting biasing voltage Vbl and comparator voltage Vb2 
appropriately, the conductance of biasing transistor 1202 may be 
measured at a region that most correlates with slew rate. For example, 
in tracking circuit 1402, the voltage level on Vbl can be set to VDD, and 
Vb2 can be set to VDD/3 to measure the conductance of biasing element 
1202 as it switches between the linear and saturation mode of 
operation. This conductance value represents the average conductance 
of the biasing element throughout a normal transition from Vds = 
VDD to Vds = 0V. This is illustrated in the NMOS transistor IV curve 
illustrated in Figure 17 where point X represents the average 
transconductance of the device over the Vds transition range from 
VDD to 0 volts. 
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According to well-known semiconductor theory, the 
voltage /current characteristics of a semiconductor MOSFET device is 
approximated by: 

Id = |LiCox(W/L)[(Vgs - Vt)Vds - (Vds 2 /2)] for Vds < Vgs - Vt 

(Eq. 1) 

Id = [(|iCox(W/L))/2][(Vgs - Vt)2] for Vds > Vgs - Vt 

(Eq.2) 

For diode connected biasing element 1202 of Figure 1200: 

Idiode = ^Cox(W/L)[(Vds - Vt)2] 

(Eq.3) 

For the above equations: Id is the drain current; Vgs is the 
voltage difference between the gate and source of a transistor; Vds is the 
voltage difference between the drain and source of a transistor; \i is the 
mobility of carriers which is a function of PVT conditions; Cox is oxide 
capacitance which is a function of process parameters; (W/L) is the 
width /length of a transistor which is a function of process parameters; 
and Vt is the threshold voltage of a transistor which is a function of 
PVT conditions. 

Each term in equations 1-3 has a different dependence on 
process, operating voltage, and temperature. By selecting biasing 
voltages Vbl and Vb2 as in tracking circuits 1400 and 1402, each 
component of equations 1-3 may be weighted for a "best fit" to slew 
rate, or to emphasize one or more of the PVT effects. For example, 
diode connected biasing transistor 1202 results in: 

Vds = square root((2/^Cox)(L/W)Ibias) - Vt 

(Eq.4) 

Since the mobility and threshold voltage are decreasing 
functions with temperature, it may be possible to find a Vds operating 
point where the temperature effects of mobility and threshold 
approximately cancel. The result is a low Vds variation with respect to 
temperature. 

Similarly, it can be shown that a particular combination of 
biasing voltages Vbl and Vb2 in tracking circuits 1400 and 1402 may 
attain similar Vds dependence on temperature. 

. The embodiments illustrated in Figures 12-14, as well as other 
embodiments disclosed herein, may include sampling circuitry that 
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may sample the PVT codes or the SRC codes over time and produce a 
time-averaged PVT code or SRC code. Alternatively, the sampling 
circuit may select one of the sampled PVT or SRC codes. The sampling 
circuitry may be coupled between PVT code generator 1230 and 
combinational logic 1210 of Figure 12, or may coupled after 
combinational logic 1230. The sampling circuitry may be integrated 
with PVT code generator 1230 or with combinational logic 1210. 
Averaging may reduce the chances or error due to power supply noise, 
glitches, and other non-optimal operating conditions. 

Figure 15 illustrates one embodiment of slew rate indicator 1500 
that generates one of the SRC code signals NO. Slew rate indicator 1500 
includes tracking circuit 1232, combinational logic 1210, and sampling 
circuitry 1510. Sampling circuitry 1510 samples the SRC code generated 
by combinational logic 1210 and generates the final SRC code as signal 
NO. 

Sampling circuitry 1510 includes three registers 1502, 1504 and 
1506 each clocked by a clock signal. For other embodiments, any 
number of storage elements may be used. The D input of register 1502 
is configured to receive the output of combinational logic 1210. The Q 
output of register 1502 is coupled to the D input of register 1504 and 
PVT code generator 1508 . The Q output of register 1504 is coupled to 
the D input of register 1506 and PVT code generator 1508. The Q output 
of register 1506 is coupled to PVT code generator 1508. Register 1502 
samples the output from combinational logic 1210 once per clock cycle. 
The samples are sequentially clocked to registers 1504 and 1506. PVT 
code generator 1508 may then select a particular Q output to provide as 
the SRC code signal NO, or PVT code generator 1508 may perform an 
averaging or other function upon the Q outputs of registers 1502, 1504, 
and 1506 in order to generate NO. 

In the foregoing specification the invention has been described 
with reference to specific exemplary embodiments thereof. It will, 
however, be evident that various modifications and changes may be 
made thereto without departing from the broader spirit and scope of 
the invention. The specification and drawings are, accordingly, to be 
regarded in an illustrative rather than restrictive sense. 
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CLAIMS 

What is claimed is: 

1. A driver circuit having a controlled slew rate comprising: 

a first circuit having an input coupled to receive a data signal 
and an output operative to output a drive signal in response 
to the data signal; 

a second circuit coupled in parallel with the first circuit and 
operative to receive a slew rate control signal; and 

a slew rate indicator circuit coupled to the second circuit, the 
slew rate indicator circuit determining the state of the slew 
rate control signal in response to operating conditions that 
cause variations in the slew rate of the drive signal such that 
when the slew rate control signal is asserted, then the second 
circuit is enabled to affect the slew rate of the drive signal 

2. The driver circuit of claim 1, wherein the first circuit comprises 
an inverter. 

3. The driver circuit of claim 1, wherein the second circuit 
comprises a three-state inverter. 

4. The driver circuit of claim 1, further comprising an output buffer 
having an input coupled to the first circuit such that the output buffer 
can receive the drive signal. 

5. The driver circuit of claim 4, wherein the output buffer has an 
output for coupling to a bus line of a communications bus. 

6. The driver circuit of claim 1, wherein the slew rate indicator 
circuit comprises: 

a pulse generator circuit operative to receive a clock signal, the 
pulse generator circuit generating a pulse in response to a first 
transition of the clock signal; and 

a clocked comparator coupled to the pulse generator circuit and 
operative to receive the pulse, the clocked comparator 
determining the state of the slew rate control signal by 
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sampling for the pulse in response to a second transition of 
the clock signal. 

7. The driver circuit of claim 6, wherein a plurality of clock periods 
occur between the first and second transitions of the clock signal. 

8. The driver circuit of claim 6, wherein if the pulse is a first state 
when the clocked comparator samples for the pulse, then the slew rate 
control signal is asserted, and if the pulse is a second state when the 
clocked comparator samples for the pulse, then the slew rate control 
signal is not asserted. 

9. The driver circuit of claim 6, wherein the pulse generator circuit 
is a one-shot circuit. 

10. The driver circuit of claim 1, wherein the slew rate control signal 
comprises a plurality of slew rate control signals, and the slew rate 
indicator circuit comprises: 

a plurality of pulse generator circuits coupled to receive a trigger 
signal, each of the pulse generator circuits generating a pulse 
in response to the trigger signal; and 

a plurality of comparator circuits each coupled to receive one of 
the plurality of pulses and one of a plurality of sampling 
signals, wherein the clock comparators circuits determine the 
state of the slew rate control signals by sampling for the 
plurality of pulses in response to the plurality of sampling 
signals. 

11. The driver circuit of claim 10, wherein the plurality of sampling 
signals are asserted a predetermined time after the trigger signal is 
asserted. 

12. The driver circuit of claim 10, wherein the plurality of 
comparator circuits generate a plurality of code signals in response to 
sampling for the plurality of pulses, and wherein the slew rate 
indicator circuit further comprises a combinational logic circuit 
receiving the plurality of code signals and generating the plurality of 
slew rate control signals. 

1/27/2006, EAST Version: 2.0.1.4 



98/36361 



PCT/US98/03303 



-39- 

13. The driver circuit of claim 10, wherein one of the pulse 
generator circuits comprises a one-shot circuit. 

14. The driver circuit of claim 13, wherein the one-shot circuit 
comprises a plurality of transistors, wherein each of the transistors is 
the same type of transistor. 

15. The driver circuit of claim 1, wherein the slew rate control signal 
comprises a plurality of slew rate control signals, and the slew rate 
indicator circuit comprises a code generator having a plurality of 
tracking circuits that generate a code in response to changes in the 
operating conditions that cause variations in the slew rate of the drive 
signal. 

16. The driver circuit of claim 15, wherein the code is coupled to the 
plurality of slew rate control signals. 

17. The driver circuit of claim 15, further comprising combinational 
logic configured to receive the code and generate the plurality of slew 
rate control signals. 

18. The driver circuit of claim 15, wherein each tracking circuit 
comprises: 

a current source coupled to a node; 

a biasing transistor coupled to the node; and 

a comparator having a first input coupled to the node and a 

second input coupled to a reference voltage, wherein the 

comparators outputs a bit of the code. 

19. A method for controlling a slew rate of a driver signal of a driver 
circuit comprising: 

generating a pulse in response to a first transition of a trigger 
signal; 

sampling for the pulse at a first predetermined time after the first 

transition of the trigger signal; and 
adjusting the slew rate of the drive signal if the pulse is in a first 

state at the first predetermined time after the first transition 

of the trigger signal. 
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20. The method of claim 19, further comprising the step of not 
adjusting the slew rate of the drive signal if the pulse is in a second 
state at the first predetermined time after the first transition of the 
trigger signal. 

21. The method of claim 19, wherein the sampling step comprises 
sampling for the pulse in response to a second transition of the trigger 
signal. 

22. The method of claim 19, further comprising the steps of: 
generating a code signal in response to the sampling step; and 
translating the code signal into a slew rate control signal, 

wherein the adjusting step adjusts the slew rate of the drive 
signal in response to the slew rate control signal. 

23. The method of claim 19, wherein the adjusting step further 
adjusts a duty cycle of the drive signal. 

24. A driver circuit having slew rate control comprising: 
a first circuit operative to output a drive signal; 

a second circuit determining the state of a slew rate control signal 
in response to operating conditions that cause variations in a 
slew rate of the drive signal; and 

a third circuit coupled to the first circuit and receiving the slew 
rate control signal from the second circuit, wherein when the 
slew rate control signal is asserted, then the third circuit 
affects the drive signal such that the slew rate of the drive 
signal is altered. 

25. A process-voltage-temperature (PVT) detector circuit comprising: 
a pulse generator circuit operative to receive a clock signal, the 

pulse generator circuit generating a pulse in response to a first 
transition of the clock signal; and 
a clocked comparator coupled to the pulse generator circuit and 
the clock signal, the clocked comparator generating a control 
signal by sampling for the pulse in response to a second 
transition of the clock signal, wherein the control signal 
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indicates the PVT operating conditions of the PVT detector 
circuit. 

26. A slew rate control circuit comprising: 
the PVT detector circuit of claim 25; and 

a predriver circuit configured to receive the PVT code from the 
PVT detector circuit and coupled to a drive signal, wherein 
the PVT detector circuit is configured to affect the slew rate of 
the drive signal in response to the PVT code. 

27. A process-voltage-temperature (PVT) detector circuit comprising: 
a plurality of pulse generator circuits coupled to receive a trigger 

signal, each of the pulse generator circuits generating a pulse 
in response to the trigger signal; and 
a plurality of comparator circuits each coupled to receive one of 
the plurality of pulses and one of a plurality of sampling 
signals, wherein the clock comparators circuits generate a 
plurality of control signals by sampling for the plurality of 
pulses in response to the plurality of sampling signals, 
wherein the plurality of control signals indicate the PVT 
operating conditions of the PVT detector circuit. 

28. The PVT detector circuit of claim 27, wherein the plurality of 
sampling signals are asserted a predetermined time after the trigger 
signal is asserted. 

29. A slew rate control circuit comprising: 
the PVT detector circuit of claim 27; and 

a plurality of predriver circuits configured to receive the PVT 
code from the PVT detector circuit and coupled to a drive 
signal, wherein the PVT detector circuit is configured to affect 
the slew rate of the drive signal in response to the PVT code. 

30. The slew rate control circuit of claim 29, further comprising a 
combinational logic circuit receiving the plurality of code signals and 
generating the plurality of control signals. 
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